We wanted to evaluate the cerebral metabolites in patients with chronic renal failure (CRF) and who were undergoing hemodialysis by performing proton MR spectroscopy and we wanted to evaluate the correlation between the changes in the cerebral metabolite ratios and the duration after starting the initial hemodialysis. Materials and Methods: Proton MR spectroscopy was performed in 15 patients with CRF and who were undergoing hemodialysis and in ten healthy volunteers. The changes in N-acetylaspartate (NAA), choline-containing compounds (Cho), myo-inositol (Myo), glutamine/glutamate complex (Glx), and creatine (Cr) were analyzed. MR spectroscopy was performed before and after hemodialysis. Results: For the patients with CRF before hemodialysis, the Cho/Cr ratio in the gray matter (p<0.001) and the Myo/Cr ratio in both the gray and white matter (p<0.01) were significantly elevated compared with those in the control subjects. For the patients with CRF after hemodialysis, their Cho/Cr ratios were significantly reduced in both the gray and white matter compared with that before hemodialysis (p<0.05). There was a significant positive correlation between the Cho/Cr ratio and serum Cr in the gray matter of CRF patients after hemodialysis (r=0.54, p<0.05). The cerebral metabolite ratios were not significantly correlated with the duration after starting the initial hemodialysis. Conclusion: The cerebral metabolite patterns are significantly different between the patients with CRF and who are undergoing hemodialysis and the normal controls. The cerebral metabolite ratios are not significantly correlated with the duration after starting the initial hemodialysis.
Hemodialysis and continuous ambulatory peritoneal dialysis are life-saving procedures for patients suffering from CRF. However, hemodialysis itself is associated with neurological syndromes, including dialysis disequilibrium syndrome and dialysis encephalopathy (1) . Although severe dialysis encephalopathy has rarely been observed these days after elimination of the aluminum from the dialysate and also due to performing close monitoring of the serum aluminum levels in dialysis patients who receive oral antacids, dialysis patients still have some minor neuropsychiatric symptoms that include mental changes, seizures and tremor (2) . Although the pathophysiology of these neuropsychiatric symptoms in patients with CRF and who are undergoing chronic dialysis is not completely understood, it is believed that these symptoms may be caused by biochemical changes in the brain (3) . These biochemical changes in the brain may occur even before developing obvious neuropsychiatric symptoms (4) .
Previous animal studies have demonstrated that some metabolites such as Myo, Cho, Cr and Glx play an important role as osmolytes under situations that involve osmotic stress (5, 6) . These metabolites in the human brain can be quantified with proton MR spectroscopy. Proton MR spectroscopy is a non-invasive technique that allows evaluating cerebral metabolites in humans and repeated measurements are possible in a normal clinical setting.
Previous studies with MR spectroscopy have reported that cerebral metabolites are correlated with renal dysfunction, and the cerebral metabolite ratios before hemodialysis are significantly different from those after hemodialysis in patients with CRF (4, 7) . It has been reported that elevated Cho/Cr ratios were reduced about 18 months after starting hemodialysis, even though it was not statistically significant (4) . However, to the best of our knowledge, there has been no comprehensive study that has reported on the relationship between the changes in the cerebral metabolite ratios and the duration after starting hemodialysis for patients with CRF.
The purpose of our study was to evaluate the cerebral metabolite patterns in patients with CRF and who are undergoing hemodialysis with using proton MR spectroscopy and to see if there was a significant correlation between changes in the cerebral metabolite ratios and the duration after starting the initial hemodialysis.
Materials and Methods
Thirty MR imagings with proton MR spectroscopy were performed for 15 patients with CRF (6 men and 9 women, mean age SD: 58.1 15.5 years, age range: 32 83 years) several hours before and then one day after hemodialysis. The mean ( SD) duration after starting hemodialysis in these CRF patients was 30.4 33.0 months (range: 3 103 months). The following laboratory data was measured from the patients with CRF before and after hemodialysis: blood urea nitrogen (BUN), serum creatinine (Cr) and the serum osmolality (Osm). The Kt/Vurea is calculated from the BUN value. Patients with diabetes mellitus or any known neurologic disorders were excluded from this study. Ten healthy volunteers (5 men and 5 women, mean age SD: 51. same examination served as the control subjects. The control subjects had no neurological or biochemical abnormalities. Written informed consent for the study was obtained from all the patients and the control subjects. Proton MR spectroscopy and MR imaging were performed on a 3.0-T whole-body MR system (Achieva, Philips Medical Systems, Best, The Netherlands) by using an 8-element phased array sensitivity-encoding (SENSE) head coil. The MR system was equipped with gradients that could achieve a maximum slew rate of 200 mT/m/ms and a maximum strength of 80 mT/m. The single voxel MR spectroscopic data was acquired by using a point-resolved spatially localized spectroscopic (PRESS) pulse sequence (repetition time: 2000 ms, echo time: 32 ms, spectral width: 2000 Hz, data points: 1024, acquisitions: 128). For the repeated examinations, the exact reproducibility of the spectral localization was of special importance. This was achieved by acquiring three orthogonal T2-weighted turbo spin-echo images for the three-dimensional positioning of the volume of interest. Two voxels of interest were located in the gray and white matter. The first voxel of interest (2.0 2.0 2.0 cm) for the gray matter was positioned symmetrically around the midline, and this mainly included the parietal cortex and the posterior cingulated gyrus. The second voxel of interest (2.0 2.0 2.0 cm) for the white matter was positioned adjacent to the posterior horn of the left lateral ventricle (Fig. 1) .
The cerebral metabolites we examined included NAA, Cr, Cho, Myo and Glx. The metabolite ratios, with using Cr as the reference, were calculated for NAA, Cho, Myo and Glx. All the proton MR spectroscopic data was fitted by using jMRUI software (version 96.3, A. van den Boogaart, Katholieke Universiteit Leuven, Leuven, Belgium) for analysis of the time domain directly on the free-induction decays. The spectra were filtered for removal of residual water by using the Hankel-Lanczos single-variable decomposition method and then they were apodized with a 1.25-Hz Gaussian function. The metabolite signals were analyzed by using the Advanced Magnetic Resonance (AMARES) fitting algorithm within the jMRUI software.
Prior to MR examination, a blood sample was collected from all the patients with CRF in order to measure the BUN, serum Cr and serum Osm. The laboratory data were measured before and after hemodialysis. The plasma osmolality was measured using an Osmette 5004 Automatic Osmometer (Precision Systems Inc., U.S.A.).
An unpaired Student's t-test was used to compare the cerebral metabolite ratios between the patients with CRF before hemodialysis and the control subjects. A paired Student's t-test was used to compare the metabolite ratios before and after hemodialysis in the CRF patients. Pearson's correlation coefficient was used to examine the correlations between each of the metabolite ratios and the laboratory data before and after hemodialysis. A p value < .05 was considered statistically significant. All data analyses were performed using the SPSS software package (SPSS, Inc., Chicago, IL, U.S.A.).
Results
For the patients with CRF before hemodialysis, their Cho/Cr ratios were significantly elevated in the gray matter compared with the control subjects (p<0.001). The Myo/Cr ratio was also significantly elevated in the gray and white matter compared with the control subjects (p<0.01). However, the NAA/Cr and Glx/Cr ratios were not significantly different between the CRF patients before hemodialysis and the control subjects (Fig.  3) .
For the patients with CRF after hemodialysis, their Cho/Cr ratios were significantly reduced in both the gray and white matter compared with those before hemodialysis. The other cerebral metabolite ratios did not demonstrate any significant changes in both the gray and white matter after hemodialysis compared with the data before hemodialysis (Table 1) . There was a significant positive correlation between the Myo/Cr ratio and the BUN level in the white matter of the CRF patients after hemodialysis (r=0.66, p<0.01). In the gray matter of the CRF patients after hemodialysis, there was a significant positive correlation between the Cho/Cr ratio and the serum Cr (r=0.54, p<0.05). For the gray and white matter of CRF patients before hemodialysis, there were no significant correlations between each cerebral metabolite ratio of the gray and white matter, respectively, and the laboratory data (Fig. 4). 114 Fig. 3 . Comparison of the cerebral metabolite ratios in the gray and white matter between the patients with CRF before hemodialysis and the control subjects (C). The Cho/Cr ratio was significantly elevated in the gray matter of CRF patients before hemodialysis as compared with that of the control subjects. The Myo/Cr ratio was significantly elevated in the gray and white matter of CRF patients, but the NAA/Cr and Glx/Cr ratios did not show any significant differences between the two groups. The cerebral metabolite ratios in both the gray and white matter in the CRF patients were not significantly correlated with the duration after starting the initial hemodialysis (Table 2) (Fig. 5) .
Discussion
In the present study that used proton MR spectroscopy, we demonstrated significant changes in the cerebral metabolites of patients with CRF and who were undergoing hemodialysis compared with those of the control subjects. Cho and Myo were the main cerebral metabolites that showed significant differences in the CRF patients compared with the control subjects. We found that the Cho/Cr ratio was significantly reduced in patients with CRF after hemodialysis compared with that before hemodialysis. However, the cerebral metabolite ratios in both the gray and white matter of the CFR patients were not significantly correlated with the duration after starting the initial hemodialysis. To the best of our knowledge, this is the first study that has examined the relationship between the duration after hemodialysis and the changes in the cerebral metabolite ratios of patients with CRF.
The brain generates intracellular osmolytes as a protective mechanism (8) . Osmolytes are organic solutes that are essential for cell-volume homeostasis and they may also function as general protectors for brain cells. They have unique biophysical and biochemical properties that allow cells to accumulate high concentrations of them without any adverse effects on the cellular structure and function. Organic osmolytes are believed to regulate the intracellular osmotic environment in response to osmotic stress. For patients with CRF who are in a continuous hyperosmolar state, organic osmolytes may play a key role in adapting to osmotic stress (9) . Previous animal studies have demonstrated that some metabolites such as Myo, Cho, Cr and Glx play important roles as major osmolytes (5, 6) . These metabolites in the human brain can be quantified by performing proton MR spectroscopy.
Cho is generally thought to be related to the synthesis of cellular membranes. An abnormal MR spectroscopy of Cho is usually a metabolic sign of membrane molecular break-down or turnover. The peak of Cho (3.2 ppm) is actually a combination of several resonant peaks for molecules that contain choline, including glycerophosphorylcholine and phosphorylcholine (10) . The concentration of Cho is higher in the white matter than gray matter, and this difference increases with age (11). Choline-containing compounds are also considered to be major osmolytes (12, 13). Sasaki et al. (4) found that the Cho/Cr ratios were significantly elevated in both the gray and white matter of patients with CRF compared to that of the control subjects. In their study, the Cho/Cr ratios in the gray matter showed significant positive correlations with the serum Cr and BUN, and the serum osmolality. The MR spectroscopic findings in our CRF patients are similar to those of the previous study by Sasaki et al. The same as in that previous study, we found that the Cho/Cr ratio was significantly elevated in the gray matter of CRF patients as compared to that of the control subjects. The Cho/Cr ratio in the white matter was also elevated in CRF patients, although this was not statistically significant. In the gray matter, the Cho/Cr ratios demonstrated significant positive correlations with the serum Cr and serum osmolality. However, we did not find any correlation between the Cho/Cr ratio and the BUN level in our subjects. There may be several explanations about this discrepancy between our study and the previous study results. First, the reference Cr concentration may change in both the gray and white matter. Second, the T2 relaxation time of the reference standard or that of the other metabolite resonances may change. Finally, the water compartment in which the metabolites are concentrated may be altered by the patient's condition at the time of laboratory or MR spectroscopic studies (7) .
Myo (3.56 ppm) is a pentose sugar and it's involved in the inositol triphosphate intracellular second messenger system (11) . Myo is generally considered to be a glial marker. Elevated Myo reflects an increased population of glial cells, which are known to express higher levels of this metabolite than neurons (14) . Myo is also considered to be a major brain osmolyte (12, 13) . This metabolite may be related to differences in the Myo/ Na + cotransporter activity that appears to play a key role in astrocyte osmoregulation. This would explain chronic disturbances of the Myo levels in transient hypo-and hyper-osmolar states (15). Sasaki et al. (4) reported that there was no significant elevation in the Myo/Cr ratio of CRF patients. They suggested that an elevated Myo/Cr ratio could partially be the result of serum aluminum toxicity. In their study, the serum aluminum level was not elevated in CRF patients. However, Geissler et al. (14) found elevated Myo/Cr ratios in the gray matter of patients with CRF. No significant correlations were found between the serum aluminum levels and the changes in the cerebral metabolite patterns in their study. They suggested that this was due to the fact that the cortical aluminum concentrations do not necessarily correlate with the serum concentrations, and the elevation of the Myo/Cr ratio could also be induced by changes in the cortical glial cell metabolism that lead to glial proliferation or the production of higher amounts of Myo in the glial cells (14, 16, 17) . In our study, the Myo/Cr ratios were significantly elevated in both the gray and white matter in the CRF patients compared to that of the control subjects. Although we did not check the serum concentrations of aluminum, our results may have been caused by the same mechanisms that Geissler et al. have proposed in their previous study.
NAA (2.02 ppm) is considered as a neuronal marker, and this metabolite is mostly found in neuronal cells (18) . NAA is commonly decreased in patients with nonspecific neuronal loss or dysfunction due to a range of insults, including ischemia, trauma, inflammation, infection, tumors, dementia and gliosis (11). Geissler et al. (14) reported reductions of the NAA/Cr ratio in CRF patients who undergo hemodialysis. They suggested two mechanisms for their results: (1) neuronal damage or dysfunction due to dialysis with the resultant gliosis and elevation of Myo; and (2) reduction of the NAA concentration to keep the osmotic balance. In their study, some of the CRF patients showed neuropsychiatric abnormalities or elevated serum aluminum concentrations.
Menon et al. (19) also reported that the NAA/Cr ratios were decreased more than 2 SDs below the control mean. However, Michaelis et al. (7) found no significant changes in the NAA/Cr ratios in patients with treated or untreated end stage renal disease. They also found no correlation between the NAA/Cr and either the BUN or serum Cr. Sasaki et al. (4) reported that no significant changes were found in the NAA/Cr ratios of CRF patients. They suggested that the NAA/Cr ratio may not be reduced in the CRF patients who are without dementia, cognitive impairment or aluminum toxicity. In our study, the NAA/Cr ratios did not show any significant difference between the CRF patients and the control subjects. For our study subjects, none of the patients showed any neuropsychiatric abnormality or had any history of neurological or hepatic disorders. We also suggest that the decreased NAA/Cr ratios in CRF patients undergoing hemodialysis may represent neuronal injury, which can lead to some degree of neuropsychiatric symptoms or cognitive impairments. Although conventional MR imaging does not show abnormal signal intensities in the brain, if patients with CRF present with neuropsychiatric abnormalities, then performing proton MR spectroscopy would help us understand the changes in the cerebral metabolite patterns.
Hemodialysis has been widely used in patients with CRF as a life-saving procedure. For patients with CRF and who are undergoing chronic hemodialysis, the cerebral metabolite patterns are repeatedly altered by intermittent dialysis treatment (14) . Previous studies have examined the transient metabolic changes after efficient hemodialysis in CRF patients (7, 14) . Geissler et al. (14) found no significant differences in the cerebral metabolic ratios before and after hemodialysis. However, Michaelis et al. (7) reported that the Cho/Cr, Myo/Cr and NAA/Cr ratios were significantly decreased in the white matter after hemodialysis, and the Cho/Cr ratio in the grey matter was significantly decreased after hemodialysis. In the present study, the Cho/Cr ratio was significantly reduced in both the gray and white matter of CRF patients after hemodialysis compared to that before hemodialysis. We did not find a significant change in the other cerebral metabolite ratios, including the NAA/Cr, Myo/Cr, and Glx/Cr ratios in both the gray and white matter after hemodialysis. Our findings indicate that Cho is the only major osmolyte that responds promptly and consistently to the rapid change in the osmotic environment after efficient hemodialysis in CRF patients.
A previous study found that the cerebral adaptation to the change of the osmotic environment did not occur rapidly (4). Sasaki et al. (4) reported that the Cho/Cr ratios were not changed at about 2 weeks after initiating hemodialysis, but they were significantly decreased in the gray matter and they tended to decrease in the white matter after 18 months of hemodialysis. In our study, the cerebral metabolite ratios in the patients with CRF were not significantly correlated with the duration of the period after starting the initial hemodialysis. The difference between the findings of the two studies might be due to the fact that we did not perform initial MR spectroscopy in CRF patients for obtaining the baseline data before initiating hemodialysis. We simply correlated each metabolite ratio in all the subjects suffering with CRF with the duration of hemodialysis. Although we don't know how the cerebral metabolite ratios change in each individual according to the duration of hemodialysis, our results may indicate that once the cerebral metabolites recover via hemodialysis, then the brain may be protected from osmotic stress and the duration of hemodialysis doesn't affect the metabolite patterns as long as the CRF patients undergo efficient hemodialysis.
Evaluating the cerebral organic osmolytes via proton MR spectroscopy may be valuable for planning the optimal management of patients with CRF before and after hemodialysis (4, 13) . Although most CRF patients do not demonstrate abnormal signal intensities in the brain on conventional MR imaging and they do not display neuropsychiatric abnormalities, proton MR spectroscopy may be helpful to identify early changes in the cerebral metabolite patterns that occur prior to the onset of clinical symptoms.
There are some limitations of our study. First, the number of patients with CRF was relatively small. The statistical power for the analysis of the cerebral metabolite ratios was limited because of the small sample size. Second, longitudinal follow-up MR spectroscopy was not performed for each patient with CRF. For this reason, the serial changes of the cerebral metabolites could not be evaluated and compared with the duration after starting the initial hemodialysis. Finally, we did not consider all the possible risk factors that might have affected the cerebral metabolite patterns in the CRF patients, and they had different underlying pathophysiology.
In conclusion, the cerebral metabolite patterns are significantly different in the patients with CRF and who are undergoing hemodialysis from those cerebral metabolite patterns of the normal subjects. Choline-con-taining compounds are the major osmolytes that play key roles in regulating cerebral metabolism in response to osmotic stress, like the hyperosmolality seen in CRF patients. The cerebral metabolite patterns of the brain are not affected by the duration after the start of hemodialysis. Proton MR spectroscopy may be a valuable tool to evaluate the changes in the cerebral metabolism before the onset of clinical symptoms in CRF patients.
